The developmental origins of the metabolic syndrome have been established through the consistent observation that small-for-gestational age and large-for-gestational age fetuses have an increased risk for hypertension and related metabolic disorders later in life. These phenotypes have been reproduced in various species subjected to a range of intrauterine insults and ongoing research is directed towards understanding the underlying molecular mechanisms. Current evidence suggests that the creation of a pro-inflammatory and pro-oxidant intrauterine milieu is a common thread among prenatal factors that have an impact upon fetal size. Furthermore, studies demonstrate that a shift in fetal redox status consequent to environmental cues persists after birth and drives the progression of vascular dysfunction and hypertension in postnatal life. TLR (Toll-like receptor) signalling has emerged as a key link between inflammation and oxidative stress and a pathogenic contributor to hypertension, insulin resistance and obesity, in both human patients and animal models of disease. Thus TLR activation and dysregulation of its signalling components represent potential molecular underpinnings of programmed hypertension and related disorders in those subjected to suboptimal intrauterine conditions, yet their contributions to developmental programming remain unexplored. We propose that danger signals mobilized by the placenta or fetal tissues during complicated pregnancy activate the fetal innate immune system through TLRs and thereby potentiate the generation of ROS (reactive oxygen species) and orchestrate fetal adaptive responses, including changes in gene expression, which later translate to vascular dysfunction. Furthermore, we suggest that, after birth, continual activation of TLR signalling propagates vascular oxidative stress and thereby accelerates the advancement of hypertension and heart failure.
INTRODUCTION

Developmental origins of chronic disease
Improving maternal health was recently recognized at the United Nations High-level Meeting on Non-communicable Diseases as an important strategy in tackling the pandemic of chronic illness. This event heralds the evolution of a life-course approach to chronic disease, yet the molecular mechanisms that link intrauterine perturbations to later disease vulnerability remain elusive. With the progression of gestation, fetal growth and development become increasingly reliant on maternal provision of substrate and thus submissive to any deficiencies in maternal health and placental function. Numerous maternal and placental factors challenge human pregnancy, including placental insufficiency, pre-eclampsia, maternal malnutrition, anaemia and drug use, all of which have an impact upon the materno-fetal delivery Abbreviations used: DAMP , damage-associated molecular pattern; I/R, ischaemia/reperfusion; IL, interleukin; IUGR, intrauterine growth restriction; LPS, lipopolysaccharide; NF-κB, nuclear factor κB; IκB, inhibitor of NF-κB; IKK, IκB kinase; PRR, pathogen recognition receptor; ROS, reactive oxygen species; TIR, Toll/IL-1 receptor; TLR, Toll-like receptor; TNF, tumour necrosis factor Correspondence: Dr Jennifer A. Thompson (jthompson2@gru.edu).
of critical nutrients and oxygen. In the face of such adverse conditions, the fetus holds a remarkable capacity to adapt and does so by suppressing its genetically determined growth trajectory and preferentially distributing limited substrates to organs critical for survival. However, this short-term gain comes at a cost as aberrant changes in gene expression and organ structure become fixed going forward in postnatal life, eventually leading to dysfunction and disease. Indeed, adults and children born small are at increased risk of obesity, insulin resistance and hypertension, which together constitute the metabolic syndrome [1, 2] . These phenotypes have been reproduced in various species subjected to a range of prenatal insults [3] . Interestingly, the metabolic syndrome tends to manifest not only in those exposed to prenatal deprivation, but also in those born from pregnancies complicated by maternal obesity, excessive weight gain or high-fat diet [4] . Accordingly, the correlation between the metabolic syndrome The various forms of intrauterine stress which have an impact upon fetal growth are thought to exert their influence on developmental processes largely through pro-inflammatory and pro-oxidant stimuli. These stimuli arise from a hypoxic/ischaemic placenta, which is a common correlate of poor maternal health and abnormal placental development, or derive directly from hypoxic fetal tissue. Redox and inflammatory signals share common pathways and may be activated in a synergistic fashion in response to prenatal perturbations. Although these responses probably play fundamental roles in fetal adaptation and survival, their impact on gene expression during critical developmental windows often leads to abnormalities in the structure and function of organs and in the set-points of endocrine axes, which become fixed with the loss of plasticity after birth. In fact, it appears that the redox pathway is itself programmed, as an imbalance in antioxidant/oxidant status is a common long-term outcome in offspring subjected to suboptimal intrauterine conditions. This enduring oxidative stress, together with functional disadvantage and the superimposition of postnatal risk factors, accelerate the path towards chronic illness.
and birth weight appears to be U-shaped, such that increased risk occurs in the smallest and largest babies [5] . Thus there appears to be mechanistic commonalities among programmed deficits consequent to the array of intrauterine insults that have an impact upon fetal growth.
Pro-inflammatory and pro-oxidant nature of intrauterine stress
Universal among the antenatal conditions that have been studied in the context of developmental programming is the creation of a pro-inflammatory and pro-oxidant intrauterine milieu. Increases in pro-inflammatory cytokines such as TNF (tumour necrosis factor)-α, IL (interleukin)-6 and IL-1β, with concomitant reductions in anti-inflammatory cytokines, have been reported in the fetal circulation, placenta and amniotic fluid, when normative growth curves imply IUGR (intrauterine growth restriction) [6] [7] [8] . Likewise, abnormal umbilical Doppler waveforms indicative of placental insufficiency, the most common cause of IUGR in Western society, are associated with increased fetal levels of IL-6 [9] . This cytokine activation has been reproduced in animal models of placental insufficiency [10] and is related in a dosedependent manner to the severity of fetal hypoxaemia [11] .
Given that inflammatory and redox pathways are intimately linked, it is probable that reciprocal or synergistic activation occurs in response to intrauterine stress. Lipid peroxidation and reduced antioxidant enzyme activity in umbilical cord blood [12] and increased markers of oxidative stress in the placenta [13] are evident in human IUGR pregnancies. On the other end of the spectrum, maternal obesity and gestational diabetes, which increase the risk for macrosomic babies, also mediate their effects on the fetus in part through the induction of placental nitrosative and oxidative stress and share with the IUGR pregnancy an increased risk for metabolic and cardiovascular disorders in the offspring [4, 5] . This disruption in redox equilibrium consequent to poor maternal nutritional status may influence every stage of development, as demonstrated in a rat model of maternal high-fat diet wherein markers of oxidative stress were increased in both the fetus and pre-implantation embryo [14] . Owing to immature antioxidant defences, the redox state of the embryo and fetus is readily shifted towards oxidative stress [15] . Vulnerability of the conceptus, together with a high output capacity for ROS (reactive oxygen species) by the metabolically active placenta, amplify the impact of a pro-oxidant intrauterine insult. Interestingly, it appears that in utero disruptions in the oxidant-antioxidant balance persist into postnatal life, as increases in oxidant indices and decreases in antioxidant enzyme activities have been reported in both human [16] and animal [17] IUGR offspring. It is widely believed that, in addition to acting as a trigger for aberrant changes in gene expression and organ development in utero, oxidative stress continually promotes organ dysfunction throughout postnatal life ( Figure 1 ).
ROS are mediators of programmed vascular dysfunction
Immune and redox signals serve critical regulatory functions in normal gestation and thus modulation of these pathways is a primary means by which intrauterine stress exerts its influence on placental and fetal development. During healthy pregnancy, increasing oxygen tensions that parallel invasion of the uterus and elaboration of the fetal villi drive both organogenesis and placental maturation. This transition in redox potential of the intrauterine environment leads to increased production of ROS which, in turn, mediate cellular differentiation, proliferation and gene expression, directly through activation of transcription factors and indirectly via epigenetic processes [18] . Recently, a study by Giussani et al. [19] demonstrated that maternal administration of allopurinol during uncomplicated ovine pregnancy blunts constrictor responses of the fetal femoral artery and increases umbilical blood flow, suggesting a role for ROS in normal fetal vascular function. Hence one may deduce that excess ROS release contributes to the haemodynamic adaptation to fetal hypoxaemia characterized by peripheral vasoconstriction and redistribution of cardiac output. Although ROS probably serve important adaptive functions during an acute intrauterine insult, unremitting intrauterine stress and prolonged ROS production will lead to negative developmental outcomes. Indeed, there exists ample evidence to suggest that ROS are obligatory participants in programming of vascular dysfunction. For example, supplementation with the peroxidation inhibitor lazaroid abrogated the abnormal vascular reactivity and blood pressure elevation in rat offspring born from mothers restricted to a low-protein diet during pregnancy [17] . Using the same model, Yzydorczyk et al. [20] showed that enhanced arterial responses to AngII (angiotension II) in IUGR offspring were normalized after treatment with tempol, an SOD (superoxide dismutase) analogue. In another study, rescue of postnatal vascular function was accomplished by treatment with apocynin, but not with L-NAME (N G -nitro-L-arginine methyl ester) or oxypurinol, thus identifying NADPH oxidase as a primary source of superoxide after nutrient-restricted pregnancy [21] . Likewise, aortic thickening in utero and subsequent impairment in endothelium-dependent vascular responses consequent to hypoxic pregnancy were ameliorated with maternal administration of exogenous antioxidants [22] . Thus accumulating evidence highlights oxidative stress as a causative factor in programming of arterial dysfunction under a variety of intrauterine insults.
A new link between oxidative stress and inflammation
The innate immune system, on which the sterile intrauterine environment heavily depends, has emerged as a key link between oxidative stress and inflammation and mediators of stress-induced organ damage and dysfunction. Although the pathogenic contributions of the innate immune system to the development of hypertension and related metabolic disorders have come to light over the past few years, it has rarely been studied in the context of fetal programming. This genetically coded defence programme provides an immediate response to invading microbial organisms, independent of immunological memory. Responses are initiated upon activation of PRRs (pathogen recognition receptors) which detect foreign invasion upon interaction with conserved structural motifs released from microbes, known as PAMPs (pathogen-associated molecular patterns) [23, 24] . Seminal studies revealed that this innate agent of immunity not only responds to exogenous pathogens, but is activated to the same degree by DAMPs (damage-associated molecular patterns) derived from injured, stressed or necrotic cells [25, 26] . Uric acid, heat-shock proteins and HMGB1 (high-mobility group B1) are among the DAMPs mobilized after oxidative-stress-induced injury to DNA and proteins.
With respect to sterile inflammation, ongoing research has focused on the major family of PRRs known as TLRs (Toll-like receptors). Expression of TLRs is ubiquitous and diverse, now known to occur in cells of the musculoskeletal, digestive and cardiovascular systems, in addition to primary immune cells. These type-1 transmembrane proteins located intracellularly (TLR-7 and TLR-9) or on the cell surface (TLR-2 and TLR-4) contain LRRs (leucine-rich repeats) that recognize foreign microbes or host-derived danger signals and a TIR (Toll/IL-1 receptor) domain [27] . The TIR domain facilitates interaction with the cytoplasmic adapter protein MyD88 (myeloid differentiation factor 88) to initiate a signalling cascade culminating in activation of the MAPK (mitogen-activated protein kinase) and IKK {IκB [inhibitor of NF-κB (nuclear factor κB) kinase]} pathways, both of which contribute to the release of pro-inflammatory cytokines, chemokines and cell adhesion molecules [28, 29] . Formation of the IKK complex triggers the phosphorylation and subsequent proteasomal degradation of intracellular IκB, resulting in the liberation and translocation of the transcription factor NF-κB [30, 31] . NF-κB orchestrates key cellular events, such as inflammation, proliferation, differentiation and survival, through transcriptional regulation of numerous genes. Downstream molecules of the TLR/NF-κB pathway (mainly TNF-α) amplify inflammation through a positive-feedback loop [32] , yet others function as internal restraints on the duration and magnitude of the response [33] . Furthermore, TLR/NF-κB signalling is redox-sensitive and can potentiate ROS generation through activation of TNF-α and NADPH oxidase [34] . In this light, dysregulation of TLR/NF-κB signalling may represent the molecular underpinnings of the unfettered cycle of inflammation and oxidative stress that drives evolution of the metabolic syndrome.
The role of TLR signalling in the development of disease characterized by low-grade chronic inflammation has been substantiated by recent human and animal studies. For instance, Dasu et al. [35] reported increased TLR-2 and TLR-4 mRNA expression, along with activation of downstream TLR signalling molecules, in monocytes isolated from Type 2 diabetic patients. Another study showed that increased TLR-4 mRNA and protein expression in skeletal muscle of Type 2 diabetic patients were correlated with the severity of insulin resistance [36] . In agreement, mice fed on an obesogenic diet exhibit increased TLR-2 expression in muscle and adipose tissue, whereas insulin signalling in these mice was improved with inhibition of TLR-2 signalling [37] . Insulin resistance and obesity are accompanied by hypertension and underlying vascular dysfunction in 80 % of patients [38] . Cumulating oxidative stress and inflammation drive the advancement of arterial dysfunction and current evidence suggests that TLR signalling may act to propagate this insidious process. Oxidized LDL (low-density lipoprotein) induces inflammatory responses through TLR-4 activation, and studies in murine models of atheroslcerosis have demonstrated that TLR-4 expression is increased in the early stages of foam cell formation and that lesion development is prevented with either deletion of TLR-2 or TLR-4 [39] . Using Cre/LoxPmediated gene targeting, Polykratis et al. [40] recently showed that endothelial-cell-specific interference in TLR signalling improves atherosclerosis, whereas inhibition of TLR signalling in macrophages exacerbated vascular inflammation and lesion formation, thus highlighting the site-specific role of TLRs in vascular health. Lastly, studies from our laboratory have recently revealed that inhibition of TLR-4 decreases blood pressure and arterial contractility in spontaneously hypertensive rats [41] . The above studies provide important insight into the frequent co-existence of cardiovascular and metabolic abnormalities.
HYPOTHESIS: TLRs PLAY A ROLE IN PROGRAMMING OF HYPERTENSION AND THE METABOLIC SYNDROME
Components of the innate immune system, including TLRs, are present and functional very early in pregnancy. In addition to serving as the primitive artillery of the sterile womb, TLRs play a fundamental role in development. In fact, TLRs were originally identified as regulators of dorsal-ventral patterning in the fruit fly Drosophilia melanogaster [42] . The influence of TLRs in organ hypertrophy and maturation which drive fetal growth in the second half of gestation is less characterized. However, the capacity of TLR activation to alter fetal development has been demonstrated by a number of studies using models of maternal infection whereby the TLR-4 agonist LPS (lipopolysaccharide) is injected into the amniotic fluid. For instance, LPS administration induced inflammation and accelerated maturation of the ovine fetal lung [43] , and in fetal mice led to severe cardiac dysfunction and cytokine activation in cardiomyocytes [44] . Nevertheless, the contribution of TLR signalling to non-infectious inflammatory responses and associated aberrations in organ development, under conditions of altered substrate availability, remains virtually unexplored. Nutritional insults of diverse nature transmit their deleterious effects on the fetus through oxidative and/or hypoxic placental injury. Thus DAMPs mobilized by the placenta may serve to communicate the nutritional threat and direct the fetal inflammatory response. A previous study has reported that maternal obesity leads to the up-regulated expression of TLR-4/TLR-2 and NF-κB signalling in ovine fetal skeletal muscle [45] ; to our knowledge, the first study to show TLR activation in fetal tissue in response to altered nutrient availability. Given the recent demonstration that ROS maintain fetal vascular tone under normal conditions [19] , TLR activation in the fetal vasculature may contribute to hypoxic-induced haemodynamic adaptations through propagation of ROS generation. There is evidence to suggest that oxidative stress is present in the vasculature of fetuses growth restricted by oxygen deprivation [22] . Furthermore, previous work conducted by Thompson et al. [46] has demonstrated that aberrant extracellular matrix remodelling in the aorta of hypoxic ovine fetuses was accompanied by intima hyperplasia and increased expression of cell adhesion molecules and pro-inflammatory cytokines. Together, these data support the notion that oxidative stress and inflammation underlie aberrant arterial development in IUGR fetuses and it is possible that their synergistic activation is fed through TLR signalling. Premature activation of TLR signalling in an attempt to overcome a prenatal challenge may not only render organ development receptive to the pro-inflammatory stimuli which are normally suppressed in healthy pregnancy, but may translate to abnormal signalling dynamics over time given that the pathway itself undergoes maturation in utero (Figure 2 ). Pro-inflammatory and prooxidant products of TLRs may continuously generate DAMPs in a feed-forward fashion, thus entrenching an unrestrained cycle of inflammation and oxidative stress in postnatal life. As mentioned above, there is strong evidence for an imbalance in antioxidantpro-oxidant activity that persists in the vasculature of IUGR offspring [16, 17] . Hence the accelerated progression of arterial dysfunction and hypertension and associated risk of heart failure in offspring of a complicated pregnancy may be driven by enduring abnormalities in TLR signalling. In this light, hyperactive TLR responses may be responsible for the apparent vulnerability of IUGR offspring to a secondary insult. For instance, a recent study reported exaggerated remodelling and intima hyperplasia in response to arterial injury in IUGR rat offspring compared with their normal birth weight counterparts [47] . Furthermore, a study by Rueda-Clausen et al. [48] has demonstrated that IUGR later exacerbates the metabolic consequences of a high-fat diet. The same group has shown that the heart of IUGR offspring is particularly sensitive to I/R (ischaemia/reperfusion) in adult life [49] , whereas several studies have demonstrated that TLRs play a pivotal role in mediating cardiac injury under conditions of I/R [50] . Overall, TLRs represent a potential unifying factor in the constellation of phenotypes determined to have developmental origins. The involvement of TLRs in postnatal advancement of vascular disease may be evaluated through administration of TLR inhibitors in vivo. Such an approach has revealed the role of ROS in programmed hypertension; however, it is unknown whether TLRs underlie this festering oxidative stress. In addition, characterizing the influence of TLRs on critical developmental events and the expression patterns of TLRs under various intrauterine insults would provide important information on the potential of TLRs as agents of programming.
CONCLUSIONS
TLR signalling is an alluring, yet unexplored, candidate as a molecular mechanism of programmed hypertension and related metabolic disorders. Identifying the molecular underpinnings of developmental programming is essential for developing strategies aimed at decelerating or preventing the advancement of the metabolic syndrome in those born at risk. Such knowledge would facilitate an understanding of the utility and limitations of currently available lifestyle and medicinal interventions, as applied to this vulnerable population. Addressing intrauterine influences has become particularly salient with the realization that today's alarming rate of childhood hypertension and Type 2 diabetes may be traced to poor maternal nutrition and weight control and the transgenerational transmission of programmed dysfunction. Taming the innate immune system may represent an effective strategy in enhancing health outcomes in infants surviving unfavourable intrauterine conditions. 
